Three experiments involving 296 pigs were conducted to determine the related effects of copper sulfate and ferrous sulfide on performance and liver copper and iron stores of growing-finishing pigs, and the effect of ferrous sulfide on the depletion of copper from the liver.
The dietary addition of 250 ppm copper alone improved growth rate by 9.2% (621 vs 678 g/day) and feed to gain ratio by 3.3% (3.06 vs 2.96) to 56 kg body weight. Growth rate to 94 kg body weight was increased 4.4% (689 vs 719 g/day) and feed to gain ratio decreased by 2.2% (3.22 vs 3.15). Feeding sulfide as ferrous sulfide at O, 500, 1,000 or 2,000 ppm resulted in a linear decrease in daily gain. The beneficial growth response to copper was maintained at the 500 ppm level of sulfide addition but growth was depressed at higher levels. Liver copper levels were increased approximately 15-fold by feeding 250 ppm copper. Adding graded levels of sulfide resulted in a quadratic decrease in the accumulation of copper in the liver. Liver copper levels of pigs fed 250 ppm copper and 500, 1,000 or 2,000 ppm sulfide were approximately 2.7, 1.7 and 1.4 times greater, respectively, than those of control pigs. Liver iron content of pigs fed 250 ppm copper was approximately one-half that found in livers of control pigs. Addition of ferrous sulfide to the high copper diets resulted in liver iron levels that were slightly higher than those of control pigs.
Dietary addition of 500 ppm copper for 63 days resulted in high liver copper levels ~Journal Paper No. 78-5-176 of the Univ. of Kentucky Agr. Exp. Sta., Department of Animal Sciences.
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(2,264 ppm) that were depleted to 388 ppm after 43 days in pigs receiving 15 ppm of copper and no supplemental sulfide. Feeding 500 or 1,000 ppm of sulfide for the 43-day period further decreased liver levels (269 and 234 ppm respectively) although the differences were not significant. Therefore, it appears that sulfide acts to prevent accumulation of copper in the liver, possibly by decreasing absorption, rather than increasing mobilization from the liver. (Key Words: Pigs, Copper, Sulfide, Performance, Liver Copper, Liver Iron.) I ntroduction Braude (1967 Braude ( , 1975 , Wallace (1967) and Meyer and KriSger (1973) summarized numerous experiments and reported that feeding high levels of copper to growing-finishing swine increases rate of gain andfeed efficiency. Other researchers (Miller et aL, 1969; Gipp et al., 1973b; NCR-42, 1974) reported improved performance during the growing phase but not during the finishing phase when high levels of copper were fed. The cause of the lesser response to copper during the finishing period is unknown, although it has been suggested that increased accumulation of liver copper may be responsible.
Feeding high levels of copper results in a large increase in liver copper levels (Braude and Ryder, 1973; NCR-42, 1974; Cromwell et al., 1978) . Dietary additions of molybdenum and sulfate prevent excessive accumulation of liver copper in ruminants (Dick, 1953 (Dick, , 1954 Kline et al., 1971) but are not effective in reducing liver copper of pigs (Gipp et al., 1967; Kline et al., 1971) . Kline et al. (1973) and Cromwell et al. (1978) found that sulfide (as sodium sulfide) suppressed liver copper accumulation in pigs fed high copper diets. However, the caustic nature of sodium sulfide renders it undesirable as a feed additive. Dick (1954) found that fer-507 JOURNAL OF ANIMAL SCIENCE, Vol. 49, No. 2, 1979 rous sulfide lowered expected liver copper accumulation in lambs by 75%.
The objectives of these experiments were to evaluate the effects of ferrous sulfide on the growth response to copper and the accumulation of liver copper and liver iron stores of pigs fed high copper diets. Also, the effects of sulfide on the depletion of liver copper were evaluated.
Experimental Procedure
Three experiments were conducted utilizing 296 Hampshire X Yorkshire crossbred pigs. All pigs were randomly allotted to a randomized complete block design from outcome groups of initial weight within sex. Two males and two females were allotted to each pen. Also, the restriction to distribute litter mates separately across treatments was imposed.
Pigs were housed in an open-front shelter with concretefloored pens and were allowed to consume feed and water ad libiturn.
The basal diet consisted of corn and dehulled soybean meal fortified with vitamins and minerals (table 1). Copper was added to the diet as copper sulfate (CuSO4.5H2 O) and sulfide as ferrous sulfide (FeS). The ferrous sulfide was ground to pass through a 100-mesh screen. The basal diet assayed 15 (Exp. 1) or 16 (Exp. 2 and 3) ppm copper.
Pigs were slaughtered in replicate groups and the central lobe of the liver near the gall bladder was collected from all pigs in the experiment. This lobe was prepared and analyzed by the method of Kline et al. (1971) . Mineral content was measured by atomic absorption spectrophotometry 4 and expressed on a dry weight basis. The data were analyzed by variance methods and the pen served as the experimental unit.
Experiment 1 involved a 2 x 4 factorial arrangement of treatments consisting of two levels of copper (0 and 250 ppm) and four levels of sulfide (0, 500, 1,000 and 2,000 ppm). Ninety-six pigs averaging 11.3 kg and 70 days of age were allotted to three replications of four pigs per pen for each treatment. The pigs were slaughtered as each replicate group reached an average body weight of 93 kilo4Model 303 Spectrophotometer, Perkin-Elmer Corp., Norwalk, CT. bcontributed per kg of diet: zinc, 1OO rag; iron, 50 mg; manganese, 27.5 mg; copper, 5.5 mg; iodine, .75 milligrams.
Ccontributed per kg of diet: vitamin A, 2,200 IU; vitamin D2, 440 IU; vitamin E, 11 IU; riboflavin, 4.4 rag; pantothenic acid, 11 rag; niacin, 22 rag; vitamin B~ 2, 11 micrograms.
grams. Pigs were on test for an average of 111 days.
In Experiment 2, 120 pigs averaging 15.5 kg body weight and 57 days of age were allotted to six replications of five treatments. The treatments consisted of a control diet with no added copper or sulfide and four diets containing 250 ppm copper with four levels of added sulfide (0, 500, 1,000 and 2,000 ppm). Replicate groups were slaughtered as the pigs reached an average weight of 94 kilograms. The average time on test was 112 days:
The objective of Experiment 3 was to study the effect of dietary sulfide on the amount of copper depleted from the liver of pigs. Eighty pigs initially averaging 21 kg and 53 days of age were allotted to five replications of four treatment groups. In order to increase liver copper levels, all pigs were fed the basal diet with 500 ppm of added copper for 63 days, at which time the pigs averaged 61 kg body weight. The pigs in one treatment group were slaughtered at the end of the 63-day period and liver samples collected. The remaining three treatment groups were then fed diets with 0, 500 and 1,000 ppm of added sulfide for an additional 43 days. These treatment diets contained no added copper other than that provided by the trace mineral mix. The pigs averaged 96 kg body weight at slaughter.
Results

Experiment
I. Feeding 250 ppm copper resuited in improvements (P<.01) in rate of gain (601 vs 646 g/day) and feed efficiency (2.96 vs 2.81, table 2) during the growing period (to 54 kg body weight). Pigs fed 250 ppm copper for the entire growing-finishing period (to 93) tended to gain faster (652 vs 663 g/day) and require less feed per unit gain (3.53 vs 3.47) though differences were not significant (P>.05). Dietary addition of graded levels of sulfide resuited in a quadratic (P<.01)reduction in average daily gain during the growing period. Feeding sulfide for the entire test period tended to reduce gains, but the effect was not significant. Feed to gain ratios were not significantly affected by adding sulfide during either stage of growth. Pigs fed a combination of copper and sulfide tended to be more efficient than those fed copper or sulfide alone, although the interaction was not statistically significant (P>.05).
Liver copper levels were increased (P<.01) by the addition of copper. In the absence of sulfide, feeding 250 ppm copper resulted in a 12-fold increase in liver copper (20.7 vs 253.2 ppm). Liver copper decreased quadratically (P<.01) with increasing sulfide level. Liver copper levels of pigs fed 250 ppm copper and 500 ppm sulfide were one-fourth as high as those fed copper and no sulfide, while pigs fed 2,000 ppm sulfide and 250 ppm copper had liver levels that were similar to those of control animals (20.7 vs 27.8 ppm). Dietary sulfide had little effect on the liver copper level of pigs fed no added copper, but substantially reduced liver copper in pigs fed 250 ppm copper, resuiting in a significant (P<.01) copper • sulfide interaction.
Liver iron levels were decreased (P<.02) by dietary copper addition (1,621 vs 1,289) and increased (quadratic, P<.01) by feeding graded levels of sulfide. Feeding a combination of copper and sulfide resulted in liver iron levels higher than those of pigs fed the control diet. Analysis of the log transformation of liver mineral levels reduced the coefficient of varia- . Gains and feed/gain responses were similar for pigs fed 250 ppm copper with 0 or 500 ppm sulfide, indicating that the 500 ppm level of sulfide did not depress performance in pigs or reduce the growth response to copper while higher levels tended to reduce rate and efficiency of weight gains.
As in the first experiment, copper supplementation resulted in a large increase in liver copper levels over those of control pigs (25 vs 410 ppm). Addition of sulfide to the high copper diets was effective in preventing the marked accumulation of copper in the liver, with the 500 ppm level being nearly as effective as the higher levels of sulfide (57.4, 38.0, 36.8 ppm for 500, 1,000 and 2,000 ppm sulfide, respectively). The result was a quadratic decrease (P<.01) in liver copper with increasing dietary sulfide level.
Liver iron levels were decreased by the addition of copper to the control diet (1,394 vs 754 ppm). However, feeding copper in combination with FeS increased liver iron stores to a level higher than those of pigs fed the control diet (1,500, 1,843, 1,671 ppm for 500, 1,000 and 2,000 ppm sulfide, respectively), with the quadratic regression being significant at the 1% level of probability. The log transformation of liver data reduced the coefficient of variation but did not change the interpretation of the data.
3. There were no symptoms of copper toxicity in pigs fed 500 ppm of copper for the first 9 weeks of the experiment. Liver copper levels of pigs slaughtered after that period (61 kg body weight) averaged 2,246 ppm (table 4). After withdrawing copper from the diets, the addition of 0, 500, and 1,000 ppm sulfide for the remaining 43 days of the test period resulted in a trend toward reduced gains and feed efficiency as the sulfide level increased. Liver copper levels of pigs fed the three levels of sulfide were not significantly different, although there liver copper tended to decrease with increasing sulfide level (389 vs 269 vs 234 for 0, 500 and 1,000 ppm of sulfide, respectively) 9
Discussion
The results of these experiments indicate that feeding 250 ppm of copper as copper sulfate promotes increased rate of gain and feed efficiency in growing-finishing swine. These resuits further support previous research that shows copper to be an effective growth stimulant as summarized by Braude (1967 Braude ( , 1975 , Wallace (1967) and Meyer and KriSger (1973) . The greatest response of increased performance occurred during the growing period (to 58 kg body weight), which is in agreement with the work of Miller et al. (1969 ), Gipp etal. (1973b and NCR-42 (1974) . Pooled data from experiments 1 and 2 indicated that pigs fed diets containing 250 ppm copper with no added sulfide during the growing period gained 9.2% faster (621 vs 678 g/day) on 3.3% less feed (3.06 vs 2.96 kg feed/kg gain) than pigs fed the control diet. Over the entire experimental period, pigs fed high copper diets without sulfide gained 4.4% faster (689 vs 719 g/day) than control pigs and were 2.2% more efficient (3.22 vs 3.15) .
Liver copper level was increased markedly by feeding 250 ppm of copper. However, feeding ferrous sulfide in combination with copper prevented excessive accumulation of copper in the liver, with the 500 ppm supplemental level of sulfide being nearly as effective as the 1,000 or 2,000 ppm level. These results are in agreement with work of Kline et al. (1973) and Cromwell et al. (1978) , that showed 450 or 500 ppm of sulfide (as sodium sulfide) reduced the level of liver copper in pigs fed 250 ppm of copper. The response in liver copper to ferrous sulfide addition apparently is due to the high level of sulfide rather than iron, since the observations of Kline et al. (1972) and Gipp et al. (1973a) suggest that iron levels above those provided by the basal diet have little effect on liver copper levels.
These data indicate that ferrous sulfide is as effective as sodium sulfide (Na2 S) in preventing liver copper accumulation in pigs fed high copper diets. Ferrous sulfide would be a more desirable form of sulfide than Na: S because of the caustic nature of Na: S and problems associated with mixing and handling of Na2 S in swine diets.
The growth-stimulating effects of copper were less during the finishing period than during the growing period. It has been suggested that the decrease in growth response to copper during the finishing period was due to increased accumulation of liver copper. In these experiments, sulfide prevented excessive buildup of liver copper when high copper was fed, but the growth stimulating effects of copper were still decreased during the finishing period. Therefore, it is unlikely that the accumulation of high levels of liver copper is responsible for reduced growth-promoting effects of copper that occur during the finishing phase.
Liver iron levels were decreased approximately 50% by the addition of 250 ppm copper to the diet. Similar results were reported by Corzo (1972) and Bunch et al. (1963 Bunch et al. ( , 1965 . However, feeding sulfide as FeS in combination with copper prevented the decrease in liver iron caused by feeding high levels of dietary copper. The increase in liver iron when FeS was added to the high copper diets apparently was due either to the increased absorption of iron supplied by FeS or to a reciprocal increase in liver stores as the liver copper level decreased. Thus, dietary FeS was effective in preventing the decrease in liver iron stores that occurs when high levels of copper was fed.
Feeding the high levels of ferrous sulfide (1,000 or 2,000 ppm sulfide) reduced gains and feed efficiency. However, performance was similar between pigs fed 250 ppm copper with 0 or 500 ppm sulfide and the increase in performance due to copper was maintained. These results support the findings of Kline et al. (1973) and Cromwell et al. (1978) , who reported no deleterious effects on growth rate or feed efficiency by feeding 450 or 500 ppm of sulfide (as Na2 S).
Feeding sulfide to pigs previously fed high levels of copper did not significantly increase the depletion of copper from the liver. These results tend to support the theory that sulfide prevents accumulation of liver copper by decreasing absorption of copper rather than by increasing liver mobilization.
